The two-body nonleptonic weak decays of Λ b → Λ c P (V ) (P and V represent pseudoscalar and vector mesons respectively) are analyzed in two models, 
I. Introduction
Recently, experimental measurements for the heavy baryon Λ b begin to be available. For example, OPAL has measured some physical quantities for Λ b such as its lifetime and the product branching ratio for the inclusive semileptonic decay
. Furthermore, the measurements for the nonleptonic decay of Λ b also appeared. This is the well-known process Λ b → ΛJ/ψ. The discrepancy between the measurements made by UA1 [2] and CDF, LEP [3] [4] has been settled down by the new measurement from CDF [5] . However, comparing with the data of D, B and Λ c the data for Λ b is still very limited. But we certainly expect more and more data coming out in the near future.
On the other hand, there have been also some progress in the theoretical study on heavy baryon decays. In comparison with the case of heavy mesons the situation for heavy baryons becomes more complicated since there are three quarks in a baryon instead of two in a meson. Fortunately the establishment of the heavy quark effective theory (HQET) [6] makes the study on heavy flavor hadrons simplier since the HQET can reduce the independent number of weak transition form factors. It can be shown that in the leading order of 1/m Q expansion there is only one form factor, the Isgur-Wise function, for Λ b → Λ c weak transition. Furthermore, HQET can also be applied to relate some nonleptonic decay processes in the heavy quark limit. other by the heavy quark symmetry [7] . The decay widths of these two processes are expressed by two common scalar functions in the heavy quark limit.
Although the heavy quark symmetry can be used to simplify the physical processes where heavy hadrons are involved, in most cases HQET itself cannot give the final phenomenological predictions for the decay properties. Hence one still has to adopt nonperturbative QCD models in the end. Among them we have, for instance, QCD sum rules, the Bethe-Salpeter (B-S) equation, chiral perturbation theory, po-tential model, bag model, instanton model, relativistic and nonrelativistic quark model, etc. By applying these models one can calculate the weak transition form factors such as Λ b → Λ c . Consequently the semileptonic decay widths are drawn out directly since the lepton pair can be extracted from the hadronic weak transition form factor.
For nonleptonic decays, things become much more complicated. To simplify the calculations the factorization assumption is applied so that one of the currents in the nonleptonic decay Hamiltonian is factorized out and generates a meson. Thus the decay amplitude of the two body nonleptonic decay becomes the product of two matrix elements, one is related to the decay constant of the factorized meson and the other is the weak transition matrix element between two hadrons. There have been some discussions about the plausibility of the factorization approach. In the energetic weak decays the quark pair generated by one current in the weak Hamiltonian moves very fast away from the weak interaction point. Therefore, by the time this quark pair hadronizes into a meson it is far away from other quarks and it almost does not interact with the remaining quarks. Hence this quark pair is factorized out and generates a meson. This argument is based on the ideas of "color transparency" given by Bjorken [8] . Dugan and Grinstein proposed a formal proof for factorization approach by constructing a large energy effective theory [9] . It is shown that when the energy of the generated meson is very large the meson can be factorized out and the deviation from the factorization amplitude is suppressed by the energy of the factorized meson. In the Λ b → Λ c P (V ) decays the W-exchange diagram is also involved besides factorization diagrams. However, it is argued that in the bottom baryon case the W-exchange diagram's contribution is suppressed by one order caused by a factor 32π|ψ(0)| 2 /m 3 b with respect to the spectator diagram [10] [11] . From the above arguments the factorization approach is a good approximation for Λ b nonleptonic decays. In fact in the B meson nonleptonic decays it has been shown that the factorization approach works well since it leads to theoretical predictions which in general are consistent with experimental data [12] .
In the nonrelativistic quark model Cheng calculated the decay widths for many processes of Λ b in the factorization approach [11] . Actually the factorization contribution had been considered by Mannel and Roberts [13] . When the quark mass is very heavy comparing with the QCD scale Λ QCD , the light degrees of freedom in a heavy baryon Λ Q becomes blind to the flavor and spin quantum numbers of the heavy quark because of the SU(2) f × SU(2) s symmetries.
Therefore, the angular momentum and flavor quantum numbers of the light degrees of freedom (the light diquark) become good quantum numbers which can be used to classify heavy baryons. It is thus reasonable to assume that the heavy baryon Λ Q is composed of a heavy quark and a scalar diquark. In this picture, the three body system is simplified to two body system. Based on this simple picture, we established the B-S equation for Λ Q in the heavy quark limit and solved out the Isgur-Wise function [14] . Also in this two body-system picture, in IMF we combined 
II. Formulation
In this section we briefly review the standard formulation for calculating the
The Hamiltonian describing the two body nonleptonic decays of a bottom baryon reads
with O 1 = (DU)(cb) and O 2 = (cU)(Db), where U and D are the fields for light quarks involved in the decay, and (q 1 q 2 ) =q 1 γ µ (1−γ 5 )q 2 is understood. The parameters a 1 and a 2 are treated as free parameters since they involve hadronization effects.
In literatures usually a 1 and a 2 are expressed in terms of the QCD coefficients c 1 and c 2
where c 1 (m b ) = 1.11 and c 2 (m b ) = −0.26. In the naive factorization approach ζ = 1/N c with N c = 3. However, because of the color-octet contributions the value of ζ differs from 1/3. In the charm decays ζ ∼ 0 and in the bottom case it is still not very clear. In ref. [16] it is proposed that in the bottom case ζ ∼ 1/2. The values of a 1 and a 2 need to be clarified when more data on the bottom hadrons are available. In the present work we simply treat them as free parameters.
The general form for the amplitudes of
where u Λc , u Λ b are dirac spinors of Λ c , Λ b respectively and ǫ µ is the polarization vector of the emitted vector meson.
In the factorization approach the amplitudes for
where J µ is the V −A weak current and < 0|A µ (V µ )|P (V ) > are related to the decay constants of the pseudoscalar meson or vector meson by
where q µ is the momentum of the emitted meson from W-boson and the normalization is chosen so that f π = 132MeV. It is noted that in the two-body nonleptonic weak decays Λ b → Λ c P (V ) there is no contribution from the a 2 term since such a term corresponds to the transition of Λ b to a light baryon instead of Λ c .
The matrix element for Λ b → Λ c can be expressed as the following on the ground of Laurance invariance
where and Λ c ,
where
The relations between f i , g i and F i , G i are
In the heavy quark limit m Q → ∞
where ξ(ω) is the Isgur-Wise function.
The decay widths and the up-down asymmetries for Λ b → Λ c P (V ) are available in literatures [11] [18] .
where p c is the c.m. momentum and δ = (E Λc − m Λc )/(E Λc + m Λc ). A and B are related to the form factors by
and
III. The results
In the B-S equation approach [14] Λ Q is regarded as the bound state of a heavy quark and a light scalar diquark. The B-S wave function χ P (p) satisfies the following B-S equation
where P = m Λ Q v is the momentum of Λ Q , the two parameters λ 1 and λ 2 are defined in terms of the heavy quark mass m Q and the light diquark mass m D in the baryon,
, p is the relative momentum of the two constituents.
The momentum of the heavy quark is p 1 = λ 1 P + p and that of the diquark is p 2 = −λ 2 P + p. In eq. (14) S F and S D are the propagators of the heavy quark and the diquark respectively and G(P, p, q) is the kernel which is the sum of the two particle irreducible diagrams. The kernel is assumed to have the form
where the first term arises from scalar confinement and the second one is from one gluon exchange diagram, p 2 and p ′ 2 are the momenta of the diquark. For convenience we introduce the longitudinal and transverse momentum variables
In the heavy quark limit the heavy quark is almost onshell, hence we can make the convariant instantaneous approximation p l = q l in the kernel. Thus V 1 and V 2 are of the following forms
where the parameter κ which describes the strength of linear confinement varies from 0.02GeV 3 to 0.1GeV 3 and α sef f changes correspondingly. The parameter Q 2 0
is introduced since the diquark is not point-like and we use the value Q 2 0 = 3.2GeV 2 [17] .
In the limit m Q → ∞ χ P (p) is only related to a scalar function φ P (p) which controls the dynamics
Definingφ P (p t ) = dp l 2π
φ P (p) we have the B-S equation forφ P (p t )
D and E 0 is the binding energy.
The solutions for the B-S wave function χ P (p) can be applied to obtain the numerical result for the Isgur-Wise function for
The numerical values for the Isgur-Wise function depend on the parameters κ and m D . We let m D vary from 650MeV to 800MeV. Table 1 . It is noted that in Table 1 [19] [20], f Ds = 241MeV [20] ,
The masses for Λ 
whereΛ is the unknown parameter which is the difference between the mass of the heavy baryon and that of the heavy quark. Therefore, if one determines one form factor all the six form factors are known.
Just as in the case of the B-S approach, Λ Q is regarded as composed of a heavy quark and a scalar light diquark in IMF.
where color indices have been omitted, E Q and E D are the IMF energies of the heavy quark and scalar-particle, respectively, λ represents the helicity of the baryon. The renormalization of the wave function is
where the the longitudinal momentum fraction x 1 carried by the heavy quark and the heavy quark's transverse momentum corresponding to its parent baryon k ⊥ are introduced. Obviously, the scalar diquark carries x 2 = 1 − x 1 and -k ⊥ . The baryon wave function Ψ Λ Q (x 1 , k ⊥ ) is a generalization of the Bauer-Stech-Wirbel [22] meson wave function to the quark-diquark case
where N Λ Q is the normalization constant. The peak position of the wave function is at x 0 = 1 −Λ/m Λ Q and the width is of the orderΛ/m Λ Q . In the calculations Λ = 600MeV is used. Another parameter b in the wave function is related to the mean k ⊥ or the radius of the baryon and its precise value is not known. However, we expect the radius of a heavy baryon to be smaller than that of proton. In the following calculations, as in [15] , we use b=1.77GeV and b=1.18 GeV, corresponding to < k 
where K l is defined as
With the above form of the Isgur-Wise function we obtain the decay widths, branching ratios and the asymmetry parameters in the hadronic wave function model. The results are listed in Table 2 (a). 
Table 2(a). Predictions for
where g(ω) is the 1/m Q correction term
After including the 1/m Q corrections we obtain Table 2 (b). 
Table 2(b). Predictions for
The MIT bag model calculation by Sadzikowski and Zalewski [24] ) gives the following result
In ref. The decay widths and asymmetry parameters from these three models are listed in Table 3 . Table 3 . Predictions for
MIT bag model (Γ 2 , α 2 ) (m b,c → ∞) and nonrelativistic quark model (Γ 3 , 
IV. Summary and discussions
From the numerical results in Section III we can see the following conclusions. Table 1, Table 2 (a) and Γ 1 , Γ 2 , α 1 (= α 2 ) in Table 3 . We can see that only the B-S approach is consistent with the MIT bag model, but they are not consistent with the hadronic wave function model and the soliton model. This is because the Isgur-Wise functions in these models are different. It is noted that the asymmetry parameter is independent of the models we used in the leading order of 1/m Q expansion. The reason is that to this order we only have the Isgur-Wise function and it is canceled in the expression of the asymmetry parameter.
(ii) In the hadronic wave function model and the nonrelativistic quark model the 1/m Q corrections are taken into account. We can see from Table 2 (b) and Γ 3 in Table 3 that the decay widths in these two models are consistent with each other. (v) Our calculations are carried out in the factorization approach. In the bottom baryon case it is a good approximation. However, how large the nonfactorization contributions are is still a problem. In ref. [10] it is estimated that the W-exchange diagram contribution is about 15% of the spectator diagram. In a recent paper [25] the nonfactorization contributions are calculated in a relativistic quark model and they amount up to about 30% of the factorization contribution in b → c transition.
In our approach we do not calculate the nonfactorization contributions. However, in 
wherev is the velocity of D s or D * s , and
The equations (29) 
Hence from eq. (31) we find that in the factorization approximation 
